Understanding the fracturing-healing-refracturing cycle is a fundamental part of studying the 36 deformation dynamics and the permeability evolution of the rock systems. Previous studies, 37 however, have not examined the influence of healing and the mechanical properties of the 38 healed fractures (veins) on the rock deformation. We present results from a two-dimensional 39 coupled hydro-mechanical model which simulates large time and spatial scale dynamic 40 fracturing and healing of a porous medium under the influence of gravity, tectonic stretching 41 and elevated fluid pressures. Our results show that healing decreases the local porosity, and 42 that the veins' strength is more important than their elastic modulus in influencing the 43 deformation and the evolving patterns. Hard veins, such as quartz or ore, make the aggregate 44 progressively stronger, which leads to an overall healing of the system, limited fracturing and 45 thus fluid flow, greater stresses and delayed saturation. Weak veins, such as calcite, make the 46 system weaker in which refracturing of the healed bonds is the dominant process that creates 47 more open fractures and thus increases the permeability. These results provide clues for the 48 importance of the veins' mechanical properties and can enhance our understanding of the 49 deformation dynamics and the permeability evolution of the rock systems. 50 51
where is the compressiblity of the fluid, the permeability of the solid and the viscosity 145 of the fluid. A detailed derivation of the underlying computations can be found in Ghani et al. 146 (2013 and 2015) and references therein. The solid lattice evolution is calculated using an 147 over-relaxation algorithm and the fluid pressure evolution is calculated using an Alternating 148 Direction Implicit algorithm. Both lattices are overlapped where the triangular solid lattice is 149 half the lattice size of the square fluid lattice. Values from one to the other lattice are passed 150 using a "cloud in cell" method where values are weighted with a smoothing function 151 depending on the distance between solid elements in relation to pressure nodes (Fig. 2c) . The 152 solid lattice defines the porosity, permeability and local particle velocities and passes these 153 values on to the fluid pressure lattice. Porosity of the solid lattice is a function of the amount 154 of particles and thus the solid fraction in a fluid lattice cell. This porosity is converted into a 155 permeability using the Karman-Cozeny relation 156
157 with d the small scale grain size that is kept as a constant in the simulations. Once the 158 evolution of the fluid pressure is calculated for a given time step the fluid pressure gradients 159 are passed on to the solid particles and converted to a force that acts on single particles. This 160 force may lead to elastic deformation and fracturing once a predefined breaking threshold of 161 single bonds is overstepped. Finally broken bonds can heal again according to a healing 162 function. Healing in the model is defined by four parameters: the healing distance, the 163 healing probability, and the elastic and tensile properties of the new bonds. The healing 164 distance represents the width of the cracks. Since currently all the broken bonds enter the 165 healing function irrespective of the crack widths, they do not affect the healing time.The 166 probability gives the healing a "real" time depending on the overall time of a simulation step. 167
The healing probability P heal is calculated using the following Monte-Carlo approach 168
with l i,j the distance between particle i and j, l heal a predefined healing distance, P 0 the basic 171 healing probability and d i the diameter of particle i. 172
Fractured particles are allowed to heal with any non-connected particle that is in close 173 proximity to the healing particle irrespective of the previous connectivity of these particles. 174
Healing is done by connecting two particles with a spring that has an equilibrium length in 175 accordance to the present distance of the healing particles, so that the new spring is 176 unstressed. The new springs are then attributed with elastic and tensile constants that could be 177 different that of the unbroken bonds. The new tensile constant is the average of the breaking 178 strength of the unbroken bonds of the particle it will connect to multiplied by a predefined 179 change in the threshold. The tensile constants are characterized by normal distribution 180 similarly to the initial breaking thresholds. In addition, the local porosity of the healing 181 particles is decreased. 182 The triangular DEM lattice representing the solid framework is overimposed on the continuum pressure grid. (c) Rock-fluid interaction is achieved by the smoothing function that passes information from the solid framework to the fluid based on the distance between the particles relative to the pressure nodes. (d) The deformation box is bounded by an upper free boundary through which gravity is applied; two strain controlled boundaries on the sides that are moved outwards representing tectonic extension; and a fixed lower boundary along which fluid is injected successively increasing the initially hydrostatic pressure at the bottom. threshold is exceeded). The bond that has the highest probability to break (which is furthest 206 beyond its breaking threshold) will do so, the model is relaxed again and the model may 207 continue to break until no more bonds break. A fluid deformation step is followed by an 208 Table 1 and 2. The 224 healing probability of springs is set to 0.009 which means that a crack will likely close within 225 90 time steps (~247 years). The breaking strength and Young's modulus of new springs may 226 be different from those of the matrix simulating strong or soft veining, the values are given in 227 
Results 230
We present six simulations with different geometries. The first four are based on a 231 setting with one horizontally aligned stiff layer inserted in the upper half section of the model 232 to simulate a simple layered system with uniform porosities. The latter two simulations 233 contain four horizontally aligned layers (at regular intervals) where the lowermost layers are 234 seals so that the setup represents a sealed reservoir. 235
In the first simulations we will look at the effects of healing versus no-healing mechanism. 236 This is followed by simulations that show the evolution of open fractures in a healing system. 237
We then vary the properties of the healing bonds (veins) and finally look at the behavior of 238 multilayer systems. 239 , and the stress (∆σ = differential stress, σ xx = horizontal stress, σ yy = vertical stress) and porosity (φ) evolution of the system (c, f) throughout 20000 time steps (~54.8 ka years). Black rectangle in the middle represents a stiff layer embedded in a soft matrix. Healed bonds have the same breaking strength and stiffness as the matrix. Healing has a major effect on the fracture patterns and lowers the porosity. The stress curves, however, are quite similar, whereas the porosity in the healing case first drops and only rises after 6000 time steps (~16.4 ka years). that are not fractured. The major fracture that cuts through the entire system shows the 257 highest porosities due to constant refracturing. The porosity evolution (Fig. 3c) shows that 258 without healing the porosity increases almost linearly with progressive deformation from the 259 initial 26.9% to almost 27.8%. This effect is due to the extension of the system in the 260 horizontal direction that increases the overall porosity linearly. 261
Healing has an effect on the number of open fractures (Fig. 3d, e, f) . In comparison to the 262 non-healing case the healing system has less open fractures. The overall fracture pattern with 263 and without healing is similar. In both cases a large through-going fracture develops that 264 opens the system and has the highest porosity. However, the healing case shows fewer 265 fractures in the stiff layer and in the matrix away from the major fractures. This implies that 266 local fractures are closed whereas the large ones are continuously reopening. The porosity 267 evolution of the healed case also differs from the non-healing simulation. The porosity first 268 declines and only starts to rise after time step 6000 (~16.4 ka years), which in turn results in 269 overall porosity increase of the system (from 26.9% to 27.2%). The reason for the initial 270 porosity decrease is induced by the healing of fractures that works against the extension of 271 the system. Once the deformation localizes in the large through-going system these are 272 continuously opening and opposing the healing so that porosity increases again. 273
Both simulations show identical stress evolution (Fig. 3c, f) . As deformation is applied stress 274 builds up and reaches a maximum value after which the system relaxes due to major 275 fracturing and only minor fluctuations (slip/fracturing along existing fractures and minor 276 fracturing in the matrix) can be observed. The horizontal stress σ xx quickly moves from 277 compressional to the tensional regime around time step 1000 (~2.8 ka years) and experiences 278 its highest magnitude during time step 4000 -6000 (~11 ka -16.4 ka years). This is a 279 function of the extension in the horizontal direction that leads to extensional failure. The 280 vertical stress σ yy on the other hand stays in the compressional regime during the entire 281 simulation because of the gravitational load. Drops in differential stress illustrate failure in 282 the system. After about 12000 time steps (~32.8 ka years) in both simulations the stresses 283 reach semi-constant values implying that it reaches a statistically stationary state, where 284 existing fractures take up most of the strain. The stress curve of the healing case shows a 285 pronounced stress drop after time step 10000 (~27.4 ka years) which cannot be seen in the 286 non-healing case. In this case the healing is influencing the failure process leading to healing 287 of fractures that have to be fractured again. case the competent layer's elastic modulus is eight times that of the matrix and the healed 292 bonds' elastic moduli are twice those of the matrix (Table 1) . Larger tensile stresses develop 293 at lower strain in the layer due to its high stiffness, therefore it fractures first and only small 294 amount of fracturing can be seen in the matrix. Fractures propagate by interconnections of 295 smaller cracks. After time step 1900 (~5.2 ka years) the first bed-confined fractures propagate 296 into the matrix. The matrix, however, is too soft for these fractures to propagate further until 297 time step 5700 (~15.6 ka years) when there is significant deformation in the matrix as well. 298
After this stage fracturing in the layer is subordinate, whereas fracture propagation in the 299 matrix is becoming the dominant process. Except for the formation of the large fracture zone 300 along the left boundary, fracturing is limited after time step 9500 (~26 ka years) which 301
indicates that the system is approaching a somewhat steady-state. Fracture spacing decreases 302 with the elastic constant of the layer and therefore spacing is much tighter in the competent 303 layer than it is in the less competent matrix. 304 
Importance of breaking strength and elastic modulus of the healed bonds 307
The influence of the breaking strength of the healed bonds was investigated by varying 308 only this parameter in the same simulation setup (Table 1) . Three cases are presented in Fig.  309 5; one where the breaking strength of the veins is a quarter of the matrix, one where it is the 310 same and one where it is ten times the matrix. Fig. 5 shows the fracture age of active fractures 311 (Fig. 5a) , the healing age of actively healed bonds (Fig. 5b) , fractures that have healed and 312 refractured several times (crack-seal veins) (Fig. 5c) , the porosity of the solid (Fig. 5d) , and 313 the stress and porosity evolution over 20000 time steps for the three cases (Fig. 5e) . 314
A variation of the breaking strength of healing bonds changes the behavior and fracture 315 pattern of the model significantly. Fig. 5a shows that number of open fracture decrease with 316 the strength of the bonds. This is especially pronounced in the case where the veins are 317 stronger than the matrix so that only one large open fracture remains. In addition, Fig. 5a  318 shows that many older fractures (i.e. those that formed at earlier time steps) are still open 319 when veins are weak, whereas most of these are closed when the veins are strong. In all three 320 cases the formation of new fractures is localized along the through-going large scale fractures 321 or the faults that develop at the end of the simulations. 322
The healing patterns shown in Fig. 5b reflect a change from a moderately healed system with 323 soft veins to a system which is basically clogged up when the veins are strong. When the new 324 bonds are weaker, the oldest veins appear mainly above and in the layer and subordinately in 325 the matrix. Veins are progressively getting younger towards the bottom. When the new bonds 326 are the strongest the older veins still appear mainly in the layer but as the entire system is 327 constantly healing it is difficult to observe any preferred locations of the younger veins. The 328 youngest veins, however, seem to be associated with the fault. 329 , and one where they are ten times the matrix (10.0). Shaded grey rectangle represents a stiff layer embedded in a softer matrix. We can examine the effects of the veins' strength on the evolving fracture (a) and healing patterns (b), crack-seal cycles (c) and porosity (d). The age of the fracturing and healing is also shown, indicating that in all cases new fractures are localized at the through-going faults, whereas the new veins form at different locations. When the veins are relatively weak, the bottom of the box and layer heal intensely, whereas when they are strong, the new veins are more localized close to the open fractures. Generally, the stronger the veins, the less open fractures are present and the more intense the healing is. In case the veins are strong, the system at each healing event becomes progressively stronger, thus undergoes less crack-seal cycles. The corresponding stress (∆σ = differential stress, σ xx = horizontal stress, σ yy = vertical stress) and porosity (φ) evolution is therefore entirely different (e). Stresses are elevated and the porosity drops significantly when the veins are strong. In all cases, however, the system tends to reach a steady-state represented by a relatively constant stress state with only small fluctuations.
The number of crack-seal events is illustrated in Fig. 5d . The breaking strength of the healed 332 fractures determines the localization of the refracturing and healing process. 333
When the veins are weaker than the matrix, they tend to fracture easily. This is reflected in 334 the similarity of the healing and the crack-seal (7<) pattern for the weak vein simulation 335 (Figs. 5a and 5c) , which implies that after the bonds heal they will constantly fail and heal 336 again. Locations that experienced less crack-seal events (2-6) coincide mainly with the 337 younger open fractures. 338
Slightly different behavior can be seen when the veins have the same strength as the matrix. 339
Fewer veins undergo more than seven crack-seal events, whereas most of the veins and 340 fractures only experience limited crack-sealing (2-6 events). 341
However, when the breaking strength of the veins is ten times that of the matrix, most of the 342 bonds only fracture and heal once (see the older veins in the background in Fig. 5b) . As 343 healing now makes the entire system progressively stronger initiation of new fractures is 344 impeded. Even if veins refracture, the refracturing itself seems to be restricted to the layer and 345 to a few bigger fracture zones. Only a limited amount of locations experience more than 7 346 crack-seal events. 347
Relative porosities in all cases seem to have similar characteristics (Fig. 5d) . Large through-348 going faults are associated with the highest porosities, whereas healed fractures decrease the 349 local porosities. 350 to the value of 26.45% at the beginning of the simulation which is then followed by a 359 porosity-increase towards the end of the simulation reaching a value of 27.2%. The point 360 where the porosity begins to rise coincides with the maximum differential stress (∆σ). 361
The stress and porosity evolution is quite similar when the veins are the same strength as the 362 matrix. The only difference is that the porosity reaches its minimum at 26.6% and its 363 maximum at 27.4%. 364
When the veins are the strongest the horizontal stress (σ xx ) and the vertical stress ( σ yy ) 365 magnitudes are much higher than they were in the weaker cases. As the system is becoming 366 successively stronger during healing elevated stresses are expected. Stress curves suggest that 367 the stress build-up is prolonged and a quasi steady-state regime, when the stresses show only 368 minor fluctuations, is reached at a later stage of the deformation than in the other two cases. 369
Similarly to the weaker cases the system experiences its maximum differential stress (∆σ) at 370 earlier stages (around time step 7000 (~19.1 ka years)) but the porosity continuously 371 decreases until time step 17000 (~46.5 ka years) and reaches its minimum 25.6% close to the 372 end of the simulation. These delayed behaviors can be explained with the system being too 373 strong to fracture efficiently and also with pronounced veining throughout the system in the 374 stronger vein case. Veining with a porosity decrease works against extensional deformation 375 with a porosity increase in all simulations. Since veining is much more pronounced in the 376 matrix in the strong vein case the porosity increase due to deformation takes place at a later 377
stage. This stage also marks a switch from strain taken up by fracturing to strain being taken 378 up by opening of larger scale fractures or faults. 379
In the next set of simulations we focus on the effect of a variation of the Young's 380 modulus of veins on the behavior of the system. Five simulations were performed where thebreaking strength of the veins were the same as the matrix and only the Young's modulus of 382 the healed bonds varied between a third to ten times the stiffness of the initial bonds ( Table  383 1). Fig. 6 shows that more open fractures are present when the veins become stiffer. This is 384 coupled with the healing pattern. An increase of the number of open fractures is reflecting a 385 decrease in healing. The most pronounced case is the first where the veins are too soft to 386 refracture in the lower parts of the model. An increase in Young's modulus and a decrease in 387 breaking strength can have similar effects. This is seen best in the case where the Young's 388 modulus is low and where the breaking strength is high. In both cases the amount of open 389 fractures decreases. However, the overall effect on the elastic properties of the system are 390 opposite, a soft vein makes the system soft and reduces stresses whereas a vein with a high 391 breaking strength makes the system strong and thus leads to a stress increase. Overall the 392 breaking strength seems to have the most pronounced effects on the pattern forming, 393 probably because with increasing strength, the amount of open fractures decreases, the 394 system heals strongly and the stress increases. 
Seals and fluid pressure gradients in multilayered systems 402
In the following simulations we add seals at the bottom of the system in order to study 403 the interplay between fluid and deformation. Multilayered seal reservoirs are quite common 404 in nature where areas with higher porosities are vertically sealed off by horizontally aligned 405 low-permeability layers. In the simulations fluid is added at the bottom so that fluid pressure 406 gradients build up across the lowermost seal where the fluid cannot escape vertically. In these 407 simulations we introduce four layers out of which the lowermost is a seal with 0.51% 408 porosity (Table 2) . Figs. 7a and 7b show the fracture patterns that develop in these 409 simulations. The simulation in Fig. 7a has layers that are all more competent than the matrix 410 (Young's modulus is eight times higher than the matrix), whereas the simulation shown in 411 When the seal is competent (Fig. 7a) it does not seem to have a great effect on the fracture 417 patterns since the layers and the matrix fracture similarly throughout the entire system with 418 the competent beds containing a higher amount of fractures with closer spacing compared to 419 the matrix. The beds interact with each other by connecting closely-spaced layer-confined 420 The breaking strength of the veins seems to have a greater influence on the evolving patterns 515 than the elastic modulus (Fig. 8) . This implies that it is very important in a natural system to 516 understand the breaking strength of veins. The veins breaking strength depends on the 517 different mineral assemblages within the vein but also on the vein-wallrock contact. Calcite, 518 especially combined with other soft minerals such as gypsum, makes the veins weak, whereas 519 quartz or ore minerals particularly strengthen the veins. One example for a system where the 520 the deformation history and permeability evolution (Fig. 1) . 526
The porosity evolution in the system without healing is straightforward, the porosity 527 increases because of the extension on the system. Once healing is involved the porosity 528 evolution becomes more complex with an initial decrease that is a function of the healing. 529
Healing reduces the porosity in the system until strain localizes in larger scale fractures or 530 faults that open enough to overcome the healing so that porosity increases again linearly as a 531 function of extension on the system. 532
The shown simulations correspond to approximately 54.8 ka years meaning that our results 533 assume that the deformation path is constant throughout this period, which might not be the 534 case. It is therefore worth to note that an interruption in the deformation and re-application of 535 previously occurred stresses might produce different geometries (Mahrer, 1999) . 536
Our future work with the presented code will include improving the porosity function, 537 involving compression and tilted layers, and tracing the fluid through the porous media to 538 detect the fluid flow throughout the entire simulation. 539 540
Conclusions 541
We present a hydrofracture model that incorporates the intimate coupling of the elastic 542 framework (solid) with the pore-pressure evolution which allows a dynamic, porosity-543 controlled deformation. Deformation is applied by introducing gravity, tectonic stretching 544 and high fluid pressure gradients in the system. The model fractures and heals where the 545 mechanical properties of the new bonds can be varied. We tested the model by varying the 546 mechanical parameters of the system to investigate the evolving patterns as well as the stress 547 and porosity evolution. Our results showed that at the early stages of deformation the porosity 548 falls and increases after the maximum differential stress is obtained. Examining the influence 549 of the healing properties we concluded that the breaking strength of the healed bonds (veins) 550 has a major influence on the behavior of the system. The stronger the veins, (1) the less the 551 system fractures (i.e. fewer crack-seal cycles and open fractures), (2) the greater the stresses 552 and (3) the more limited the possible fluid flow. Strong veins can correspond to ore or even 553 quartz-filled veins, whereas a calcite vein would represent a typically weak one. The veins 554 elastic modulus, on the other hand, only plays a minor role in fracture patterns, does not 555 affect the stress states significantly and is only important in combination with other 556 mechanical parameters. In spite of the healing, the system in all cases reaches a somewhat 557 steady state (fracture saturation) by accommodating additional strain along pre-existing 558 fractures. Small-scale fractures link up to form larger fractures which eventually evolve to 559 through-going faults that drain the system. In a multilayered structure the seals only act as 560 stress barriers if they are soft (low elastic modulus) and lie close to the fluid source that 561 provides the high pressure gradients. Our results provide a good basis for understanding large 562 spatial and temporal scale fracturing and healing of a system characterized by the interplay 563 between tectonic stresses and pressure gradients. 564 565 566
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